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The ability to synthesize plasmonic nanomaterials with well-defined struc-
tures and tailorable size is crucial for exploring their potential applications. 
Gold nanoplates (AuNPLs) exhibit appealing structural and optical proper-
ties, yet their applications are limited by difficulties in thickness control. 
Other challenges include a narrow range of tunability in size and surface 
plasmon resonance, combined with a synthesis conventionally involving 
cytotoxic cetyltrimethylammonium (CTA) halide surfactant. Here, a one-step, 
high-yield synthesis of single-crystalline AuNPLs is developed, based on the 
combined use of two structure-directing agents, methyl orange and FeBr3, 
which undergo preferential adsorption onto different crystalline facets of 
gold. The obtained AuNPLs feature high shape homogeneity that enables 
mesoscopic self-assembly, broad-range tunability of dimensions (controlled 
thickness from ≈7 to ≈20 nm, accompanied by modulation of the edge length 
from ≈150 nm to ≈2 µm) and plasmonic properties. These merits, coupled 
with a preparation free of CTA-halide surfactants, have facilitated the explo-
ration of various uses, especially in bio-related areas. For example, they are 
demonstrated as biocompatible photothermal agents for cell ablation in NIR I 
and NIR II windows. This work paves the way to the innovative fabrication of 
anisotropic plasmonic nanomaterials with desired attributes for wide-ranging 
practical applications.
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1. Introduction
Colloidal plasmonic nanomaterials hold 
great potential across a broad array of 
applications. These include plasmonic-
based diagnosis and therapy, surface-
enhanced Raman scattering (SERS), 
plasmon-enhanced photocatalysis amongst 
others.[1–3] The performance of these nano-
materials depends on their plasmonic 
properties, which are essentially dictated 
by shape, size, and composition.[4,5] It 
is therefore important to develop reli-
able and robust synthesis methods that 
allow precise control over architectural 
parameters. Gold nanoplates (AuNPLs) 
are quasi-2D nanomaterials that exhibit a 
number of unique structural and optical 
properties, including: 1) corners and 
edges which provide pronounced electric-
field enhancement[6]; 2) atomically flat 
surfaces, which render them applicable 
for developing metasurfaces and for fab-
ricating plasmon-based optical devices[7]; 
3) multiple surface plasmon resonance 
Dr. S. Ye, Prof. S. D. Connell, Dr. L. Roach, Prof. R. J. Bushby,  
Prof. K. Critchley, Prof. S. D. Evans
School of Physics and Astronomy
University of Leeds
Leeds LS2 9JT, UK
E-mail: s.d.evans@leeds.ac.uk
Dr. S. Ye, Dr. P. L. Coletta, Prof. A. F. Markham
Leeds Institute of Medical Research
St James’s University Hospital
University of Leeds
Leeds LS9 7TF, UK
The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adfm.202003512.
© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim. This is an open access article under the terms of the Creative 
Commons Attribution License, which permits use, distribution and repro-
duction in any medium, provided the original work is properly cited.
Adv. Funct. Mater. 2020, 2003512
www.afm-journal.dewww.advancedsciencenews.com
2003512 (2 of 13) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
(SPR) modes, for example, in-plane dipolar and quadrupolar 
plasmon modes[8–10]; 4) high sensitivity of localized SPR that 
can be harnessed for plasmonic sensing[5,11,12]; 5) multivalent 
interactions at bio-interfaces due to a planar geometry, favorable 
for applications which need high-level surface interactions at a 
small scale[13]; and 6) superior catalytic performance to that of 
isotropic counterparts.[14]
The past decade has seen a series of significant advances in 
the synthesis of AuNPLs, these have facilitated the discovery of 
novel properties and phenomena. Millstone et  al. successfully 
produced AuNPLs with a thickness of 7.5  nm and an average 
edge length of 144 nm.[9] The high shape purity of the AuNPLs 
obtained led to the identification of the quadrupolar plasmon 
resonance, which had been previously unobservable in solution 
due to impurities and inhomogeneity of synthesized nanoplates. 
The Liz-Marzán group reported the synthesis of triangular 
AuNPLs with a thickness of ≈30  nm and edge lengths of 
50–150  nm.[3] The as-prepared AuNPLs displayed a remarkably 
improved monodispersity (down to 3% standard deviation) 
and a high shape yield (>50%), that was increased to >95%, 
following a simple purification. Such a high  monodispersity 
contributed to the formation of extended self-assembled mon-
olayers of AuNPLs, which displayed superior performance as 
SERS substrates. Zhang’s group developed a high-yield seed-
less synthesis of monodispersed triangular AuNPLs, which 
had a high morphological yield (>90%), a thickness of ≈15 nm, 
and a tunable edge length (≈45–120  nm).[15] Oxidative etching 
of iodide ions was found to be critical in achieving the high 
yield and uniform morphology by this synthesis route. These 
methods conventionally rely on the adoption of cetyltrimeth-
ylammonium (CTA) halides (e.g., bromide, chloride) as 
 structure-directing capping agents. However, these CTA halide-
based surfactants are known to cause limited reproducibility 
in syntheses[16,17] and high toxicities in bio-related applica-
tions.[18,19] To address these issues, the Yin group developed a 
synthesis of biocompatible AuNPLs (thickness: ≈12  nm) with 
excellent reproducibility and high yield using polyvinylpyrro-
lidone (PVP) and H2O2, and demonstrated improved biocom-
patibility of these AuNPLs.[20] Pelaz et al. reported a preparation 
of biocompatible AuNPLs with a thickness of 9 nm and tunable 
edge length of 100–179 nm, based on reduction of chloroauric 
acid (HAuCl4) by sodium thiosulfate (Na2S2O3).[21] In these 
two cases, the easy surface functionalization of AuNPLs was 
achieved for potential bio-applications.
Despite the significant progress in the fabrication of AuNPLs, 
thickness control remains in its infancy. This limits the syn-
thetically tailorable range of aspect ratios and consequently con-
fines the adjustability of the in-plane SPR to a narrow window 
of wavelength. To our knowledge, there have only been two 
examples regarding thickness adjustment of colloidal AuNPLs, 
both of which involved overgrowth of previously synthesized 
AuNPLs to confer different thicknesses. For example, Kim et al. 
presented the high-yield synthesis of triangular AuNPLs with 
controllable structural parameters.[22] In that work, AuNPLs 
were first prepared via a multi-step CTAB-mediated seeded 
growth, and then subjected to further isotropic overgrowth to 
achieve enlargement in three dimensions for providing tailor-
able edge lengths and thicknesses. Qin et  al. demonstrated 
thickness control of hexagonal AuNPLs,[5] via a multiple-step 
approach. The protocol sequentially included 1) synthesis and 
sedimentation separation to obtain triangular AuNPLs with 
high shape purity, 2) rounding of the triangular AuNPLs via 
atom migration, and 3) nanocrystal overgrowth on the rounded 
AuNPLs. As a result, the SPR of the AuNPLs was shifted from 
the near-infrared to the visible region. A recent alternative 
approach to the thickness control of AuNPLs involved one-step 
synthesis of truncated hexagonal AuNPLs deposited on gra-
phene multilayers.[23] The lateral size of these AuNPLs could 
be varied from ≈27 nm to ≈4.9 µm, and the thickness could be 
controlled between ≈13 and ≈46  nm. To date, thickness-con-
trolled preparation of unsupported AuNPLs in a single step has 
not been realized.
Here, we present a conceptually novel method that ena-
bles one-step synthesis of biocompatible colloidal AuNPLs of 
controlled thickness. The key to our synthesis lies in the com-
bined use of methyl orange (MO) and bromide ions to direct 
nanocrystal growth. The resulting AuNPLs meet the criteria of 
high shape purity, broad-range tunability of dimensions and 
hence plasmonic properties. These features allow us to achieve 
large area, ordered self-assembly, and explore diverse plasmonic 
properties of AuNPLs. As the synthesis method is free of halide-
containing surfactants, as well as providing adjustable dipolar 
and quadrupolar plasmon resonances, our AuNPLs have demon-
strated low cytotoxicities and the ability to induce photothermal 
cell ablation in both the NIR I and NIR II optical windows.
2. Results and Discussion
2.1. One-Step Synthesis of AuNPLs
Challenges in the production of anisotropic metal nanostruc-
tures arise from the tendency of metal atoms to evolve into an 
isotropic 3D crystal lattice. Hence, to generate an anisotropic 
structure, it is essential to introduce appropriate confinement 
to suppress the natural tendency for isotropic crystal growth.[24] 
Recently, we have developed a one-step method for the fabrica-
tion of freestanding, sub-nanometer thick Au nanosheets (Au 
nanoseaweeds, AuNSWs) by using methyl orange (MO) as a 
confining agent.[25] The reaction system in the absence of MO 
yields quasi-spherical Au nanoparticles, confirming that MO 
is capable of inducing the growth of 2D gold nanostructures. 
The results of simulation and control experiments suggest 
possible roles of MO in regulating the formation of <111> ori-
ented AuNSWs: confining template provided by the 2D planar 
stacking and preferential adsorption of MO on Au {111} to 
restrict the growth along the <111> direction. We suggest that 
the formation of AuNSWs involves the initial growth of small 
Au nanoflakes as confined by MO and their subsequent coales-
cence via oriented attachment at side facets. Bromide ions have 
been documented to have facet-blocking effects on the growth 
of gold nanocrystals via preferential adsorption on Au (100).[26] 
Thus we envisaged that, introduction of bromide ions to our 
MO-based synthesis might lead the nascent Au nanoflakes to 
interact via basal facets, resulting in an evolution from 2D sub-
nanometer thick nanosheets to quasi-2D nanoplates. Indeed, a 
reaction system composed of HAuCl4, sodium citrate (SC), MO, 
and FeBr3, yielded (truncated) triangular AuNPLs (Figure 1).
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In a typical synthesis of AuNPLs, FeBr3 aqueous solution (see 
Experimental Section), HAuCl4 aqueous solution (1  mL, 5  mm) 
and SC aqueous solution (freshly prepared, 0.5  mL, 100  mm) 
were sequentially added into an aqueous solution of MO (3 mL, 
0.28 mm). The resultant reaction mixture was kept undisturbed at 
20 °C for 12 h. Reaction products were collected by centrifugation 
and washed with Milli-Q water until the supernatant was colorless. 
The pellet was redispersed in Milli-Q water for characterization.
Figure 1a shows a representative transmission electron micro-
scope (TEM) image of the as-prepared nanostructures. It demon-
strates that, truncated triangular AuNPLs with an edge length of 
(148 ± 28) nm have been obtained at a remarkably high nanoplate 
yield of >95% (defined as the number fraction of AuNPLs com-
pared with other morphologies, such as spherical nano particles. 
Figure S1, Supporting Information shows the histogram and 
Scheme S1, Supporting Information shows the edge-length 
definition). It is important to note that previous studies have 
revealed that almost all colloidal syntheses of triangular gold 
or silver nanoplates tend to produce hexagonal nanoplates 
(or significantly truncated triangular nanoplates),[2] which were 
also observed in a small fraction in our sample (Figure S2, Sup-
porting Information). Here, the formation of stacks of AuNPLs 
lying perpendicular to the electron beam direction allowed a 
direct plate thickness measurement by TEM (Figure  1b). The 
thickness was determined to be (6.3  ±  0.3) nm (excluding an 
organic capping layer, which is observable in Figure  1b). AFM 
analysis (Figure  1c and Figure S2, Supporting Information) of 
AuNPLs reveals that the top and bottom faces are atomically 
flat, with a thickness of (7.5 ±  0.4) nm (including the capping 
layer). The high shape purity of the product is corroborated by 
the UV–vis spectrum (Figure 1d), where the absence of a peak 
at ≈520 nm suggests a spectrally undetectable yield of isotropic 
nanostructures.[15] The AuNPLs display distinct local surface 
plasmon resonance (LSPR) features at 1100 and 750 nm, which 
can be assigned to in-plane dipolar and quadrupolar plasmon 
resonances, respectively.[9] It is noteworthy that, the peak corre-
sponding to in-plane quadrupole plasmon resonance has only 
been distinguishable in colloidal solutions of AuNPLs that have 
a high homogeneity and nanoplate yield.[2,9]
2.2. Crystalline Structure of AuNPLs
We further investigated the crystalline structure of our AuNPLs. 
Distinct Moiré fringes were observed at the overlapped  portions 
Adv. Funct. Mater. 2020, 2003512
Figure 1. Characterization of AuNPLs (average edge length: 148 nm): a) low-magnification TEM image (histograms of nanoplate edge lengths and 
thicknesses are shown in Supporting Information); b) TEM image of a stack of AuNPLs viewed side-on; c) AFM image of two AuNPLs on mica (inset 
shows the height profile along the red line.); d) UV–vis–NIR spectrum.
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of our AuNPLs in bright-field TEM images (Figure  2a), indi-
cating their single-crystalline property and uniform thick-
ness.[27] As shown in the high-resolution TEM (HRTEM) 
image (Figure  2b), an individual AuNPL manifests a sixfold 
symmetric structure. The lattice spacing was measured to be 
0.25 nm, consistent with that of 1/3{422} planes in fcc-Au. Two 
sets of spots with sixfold symmetry were observed in the SAED 
pattern taken along the <111> zone axis (inset in Figure  2b). 
The strong spots correspond to the lattice spacing of 0.144 nm, 
indexed to the allowed {220} Bragg reflection. The weak spots 
(circled) correspond to the lattice spacing of 0.250 nm, indexed 
to the forbidden 1/3{422} reflections. Notably, the presence 
of this forbidden reflection has been demonstrated to be only 
observable for atomically flat, ultrathin gold (or silver),[28,29] and 
is attributable to stacking faults in a nanoplate sample.[30] The 
absence of other reflections in the SAED pattern also implies 
the single-crystal nature of the AuNPLs. The HRTEM image 
of the side face of AuNPLs (Figure 2c) shows a lattice spacing 
of ≈0.235  nm, consistent with the {111} interplanar spacing 
of fcc-Au. The expected stacking faults in the {111} layers are 
more obvious in lower-magnification bright-field TEM image 
(Figure  1b). The HRTEM and SAED results suggest that 
the AuNPLs are <111> oriented single crystals, in accordance 
with the XRD pattern (Figure  2d), which exhibits only {111} 
peaks. PendellÖsung fringes observed symmetrically around the 
{111} peak indicate our AuNPLs are highly perfect crystals.[31]
2.3. Evaporative Self-Assembly of AuNPLs
Ordered assemblies of nanostructures have shown tremendous 
potential for construction of complex functional architectures, 
owing to the unique collective properties that arise from coup-
ling between the individual building blocks.[32,33] Assemblies 
of anisotropic nanocrystals are of particular interest. They dis-
play diverse assembly patterns caused by the reduced structural 
Adv. Funct. Mater. 2020, 2003512
Figure 2. Crystalline structure of AuNPLs: a) high-magnification TEM image, showing Moiré fringes at the overlapped portions; b) HRTEM image of 
the top face of an Au nanoplate. The spacing between each set of white parallel lines is measured to be ≈0.25 nm, corresponding to the 1/3{422} lattice 
spacing of fcc-gold. Inset shows the SAED pattern down the <111> zone axis: strong spots (boxed) are indexed to the allowed {220} Bragg reflections 
(corresponding to a lattice spacing of 0.144 nm); weak spots (circled) are indexed to the forbidden 1/3{422} reflections (corresponding to a lattice 
spacing of 0.250 nm); c) HRTEM image of the side face of an individual AuNPL. The spacing between the white lines is ≈0.24 nm, corresponding to 
the {111} interplanar spacing of fcc-Au; d) Indexed XRD pattern of AuNPLs over a 2θ range from 30° to 100° confirming the purity and preferential 
<111> orientation of AuNPLs.
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symmetry, and intriguing features that depend on the orien-
tation of assembly, spatial configuration, and the degree of 
order.[34] Several colloidal approaches have been exploited to reg-
ulate the assemblies of anisotropic nanocrystals, for example, 
block copolymer-mediated self-assembly,[35] Langmuir–Blodgett 
assembly,[36] and interfacial self-assembly.[37] Droplet evapora-
tion has been recognized as a simple yet versatile non-litho-
graphic technique to form regular assembly of nanocrystals.[7,38] 
Typically, when a droplet containing non-volatile solutes dries 
on a surface, the solute tends to be carried by the outward 
flow of the solvent to the pinned edge of the droplet, yielding a 
 ring-like pattern of solutes. This phenomenon is often termed 
the “coffee ring” effect and has been explained by considering 
the granules to be advected to the pinned contact line as the 
drop height reduces due to evaporation.[39] A study on the evap-
oration-induced self-assembly of silver nanoplates deposited in 
this way has demonstrated that high monodispersity and shape 
purity are key contributors to the long-range ordering of formed 
assemblies.[40] In our work, AuNPLs assemble into arrays with 
stacking orientations parallel or perpendicular to a substrate 
upon evaporation (Figure 3), including (in order of increasing 
concentration): I) short-column arrangements  (columns 
Adv. Funct. Mater. 2020, 2003512
Figure 3. a) Schematic illustration of the evaporation-induced “coffee ring” with organized AuNPLs. Arrows in the droplet point out the direction of 
convective flows. Self-assembly of AuNPLs at the concentration of 5 µg mL−1: b) low- and c) high-magnification SEM images, demonstrating the short-
column arrangements (columns oriented perpendicular to the substrate), schematically shown in (d). Self-assembly of AuNPLs at the concentration 
of 50 µg mL−1: e) low- and f) high-magnification SEM images, demonstrating the multilayer lamellar arrangements, schematically shown in (g). Self-
assembly of AuNPLs at the concentration of 500 µg mL−1: h) low- and i) high-magnification SEM images, demonstrating the long-column arrangements 
(columns oriented parallel to the substrate), schematically shown in (j).
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 oriented perpendicular to the substrate), II) multilayer lamellar 
arrangements, and III) long-column arrangements (columns 
oriented parallel to the substrate).
To form evaporative self-assembly of AuNPLs, 10  µL of a 
dispersion of AuNPLs (5, 50, or 500  µg mL−1) was drop-cast 
onto an SEM stub for evaporation. Assuming the drop shape 
to be a hemispherical cap and using the measured contact 
line diameter of 2.9  mm (Scheme S2, Supporting Informa-
tion), the contact angle is ≈106°. The arrangements of the 
assembled AuNPLs vary significantly depending on the ini-
tial concentration. Drops with 5 and 50  µg mL−1 dispersion 
show nanoplates with the flat basal face in contact with the 
substrate and with the edges of the neighboring nanoplates 
aligning with each other so as to facilitate dense coverage. 
The 5 µg mL−1 sample contains one- to two-layer stacks with 
some empty spaces. The 50  µg mL−1 sample shows a multi-
layer stack with almost perfect coverage. The conflict between 
full coverage and particle size polydispersity is resolved via the 
formation of rhombus mesoshapes by similarly sized nano-
plates and using predominantly smaller particles to fill any 
void. The particle arrangement from the 500 µg mL−1 disper-
sion was qualitatively different, with the nanoplates deposited 
as wavy columns formed by stacks of nanoplates with the side 
edges in contact with the substrate. The volume fraction of a 
droplet occupied by the nanoplates at even the highest con-
centration explored is small enough to justify ignoring any 
effect of the nanoplate on the solvent flow field and we only 
consider the effect of the solvent flow field on the particles 
in understanding the arrangement of the particles in these 
experiments. Noting that in our experiments we find particle 
depositions at the rim of the initial droplet, we ignore addi-
tional convective flows.[41,42] Because the flat substrate intro-
duces a no-slip boundary condition, close to the substrate 
the local flow-field approximates to a simple shear flow with 
the velocity oriented along the radial direction and the shear 
gradient direction is along the normal to the substrate.[43] Iso-
lated plate-like particles align with their surface normal along 
the shear gradient direction in a simple shear flow.[44] As the 
concentration of nanoplates increase, hydrodynamic simula-
tions show face-to-face clustering of such particles to lower 
the hydrodynamic drag.[45] Particles in such a cluster behave 
like a single rigid dynamic object. At even higher density, the 
number of plates in a cluster will become large, leading to an 
effective rod-like dynamical object. Elongated objects typically 
align their long axis along the flow. Note that in this scenario, 
the long axis of the dynamical composite object is the same as 
the surface normal of the plates. Thus, with increasing con-
centration of nanoplates, the surface normal of the nanoplates 
shift from the shear gradient to the flow direction, respon-
sible for the observed change in the nanoplate orientation 
(Figure  3). This study shows that simple evaporative deposi-
tion from a droplet provides the ability to generate arrays of 
nanoplates with stacking orientations parallel or perpendic-
ular to a substrate, offering a route to produce patterns that 
have distinct collective plasmonic modes and potential for 
uses in photonic applications.
2.4. Formation Mechanism of Single-Crystalline AuNPLs
Based on our recent work on the synthesis of sub-nanometer 
thick 2D Au nanosheets,[25] we ascribe the successful  fabrication 
of single-crystalline gold AuNPLs in the present study to the 
combined introduction of methyl orange and bromide ions 
as structure-directing agents. This is supported by a series of 
control experiments, with reaction conditions and results pre-
sented in Table 1.
Taking these results together, we have identified the roles of 
MO and bromide ions in the formation of AuNPLs. We sug-
gest that MO directs the formation of nascent 2D nanoflakes 
by providing the 2D planar stacking and preferential adsorp-
tion of MO on Au {111} to restrict the growth along the <111> 
direction. In the absence of bromide ions, AuNSWs were 
formed via the initial growth of small Au nanoflakes confined 
by MO and their subsequent coalescence via oriented attach-
ment at side facets.[25] Previous experiments and molecular 
dynamics simulation have revealed that bromide ions have a 
stronger adsorption on (100) than (111) facets, hence exerting 
facet-blocking effects on the growth of gold nanocrystals.[26,46] 
A low concentration of bromide ions (0.21  mm) provides an 
insufficient surface passivation of Au (100) facets, as a result, 
nascent nanoflakes could attach at both side and basal facets, 
followed by  aggregation and reconstruction to give rise to hier-
archical superstructures composed of nanosheets (Figure S5, 
Supporting Information). Increased concentration of bromide 
ions provides more complete passivation of Au (100) facets, 
so that the attachment only takes place at the basal facets to 
produce quasi-2D nanoplates.[47] The thickness of AuNPLs is 
then determined by the number of Au nanoflakes that undergo 
basal attachment along the vertical direction. Most importantly, 
we have clearly demonstrated empirical thickness control of 
AuNPLs, which has been hitherto elusive.
Adv. Funct. Mater. 2020, 2003512
Table 1. Summary of reactants and structures of resultant products.
Reagent(s) in addition to HAuCl4 and SC Structure of products
None Quasi-spherical nanoparticles[25]
MO Seaweed-like 2D Au nanosheets of sub-nanometer thickness[25]
FeBr3 Twinned nanoparticles (Figure S4, Supporting Information)
FeBr3 (0.21 mm) and MO Hierarchical superstructures consisting of nanosheets (Figure S5, Supporting Information)
FeBr3 (in a concentration range of 0.63–3.78 mm) and MO AuNPLs of thickness that increases with FeBr3 concentration (Figures 1a and 4a–d)
NaBr (1.89 mm) and MO AuNPLs (Figure 4k)
FeNO3 and MO Aggregations of nanoflakes and nanoparticles (Figure S6, Supporting Information)
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2.5. Thickness Control and Edge-Length Tunability
The thickness of our AuNPLs can be easily tuned from ≈7 to 
≈20 nm (as measured by AFM), by increasing the concentration 
of FeBr3 from 0.63 to 3.75  mm, accompanied by an alteration 
of average edge length from ≈150 nm to 2.18 µm (Figure 4a–i, 
see Table S1, Supporting Information for details). Micro-sized 
nano plates (average edge lengths of 1.12 or 2.18 µm) also exhibit 
single crystallinity, with atomically flat surfaces of a {111} phase 
(Figures S7 and S8, Supporting Information).
Aspect ratio (AR, defined as the edge length/thickness) is an 
important structural parameter governing the physical proper-
ties of AuNPLs, and has been investigated here as a function 
of the concentration of FeBr3. (Note that AR values shown in 
Figure  4j were based on the thickness excluding the capping 
organic layer, assumed to be 1.2 nm according to Figure  1, so 
as to align with the subsequent study of plasmonic properties.) 
The data in Figure  4j indicate two regimes of AR variation. 
In the first regime, the increase of FeBr3 concentration from 
0.63 to 1.42  mm leads the AR value to gently increase from 
23.3 to 25.9, with the coefficient of variation (CV) of edge length 
in the range of 12.5–18.9% (Figure S12, Supporting Informa-
tion). In the second regime when the FeBr3 concentration is 
increased from 1.42   to 3.78  mm, AR increases sharply from 
26.5 to well over 100 and shows a much larger CV of edge 
length (≈29%). The introduction of increasing levels of bromide 
ions can considerably slow down the reduction process gen-
erating Au atoms (reduction potential: AuBr4−/Au0: +0.854  V, 
NHE; AuCl4−/Au0: +1.002  V,[48] NHE; NHE, normal hydrogen 
electrode), inducing an autocatalytic surface reduction,[49] which 
may contribute to the drastic increase of AR and CV of edge 
length in this regime.
In addition, the formation of AuNPLs having the same edge 
length (average edge length: 150  nm, Figure S13, Supporting 
Information shows the histogram of edge lengths.) as those 
shown in Figure  1, coupled with different thickness was real-
ized by changing the counterions from Fe3+ to Na+. As can be 
seen in Figure 4k, the reaction system composed of MO, NaBr, 
Adv. Funct. Mater. 2020, 2003512
Figure 4. The edge length and thickness of AuNPLs can be tuned by adjusting the concentration of FeBr3. TEM images of AuNPLs with average length 
of a) 193 nm, b) 272 nm, c) 1.12 µm, and d) 2.28 µm. Histogram of thicknesses for AuNPLs with an average edge length of e) 193 nm, f) 272 nm, 
g) 1.12 µm, and h) 2.28 µm. Histograms of edge lengths of these AuNPLs are shown in Figures S9–S11, Supporting Information, f) 272 nm, g) 1.12 µm, 
and h) 2.28 µm. i) Plot showing the edge length and thickness (determined by AFM) of AuNPLs versus concentration of FeBr3. j) Plot showing the 
aspect ratio versus the concentration of FeBr3. Synthesis using NaBr yields AuNPLs: k) TEM image and l) histogram of thicknesses.
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HAuCl4, and SC produces (truncated) triangular AuNPLs at a 
high yield (>92%), with the thickness determined by AFM to 
be 10.6  ±  1.6  nm (Figure  4l, see Table  2 for details in struc-
ture parameters). These AuNPLs exhibit single crystallinity 
with {111} basal domains (see HRTEM image and SAED pat-
tern in Figure S14, Supporting Information). This thickness 
modulation induced by altering the counterions is attributable 
to the change of ionic strengths in the reaction system, which 
may alter the way in which the small building blocks interact 
with each other in the vertical direction. Although a complete 
understanding of the mechanism for the formation and dimen-
sion control of our AuNPLs needs further investigation and is 
beyond the scope of this work, the demonstration here of con-
current control of thickness and edge length has allowed the 
production of AuNPLs with an adjustable aspect ratio, that 
would allow manipulation of optical properties.
2.6. Modulation of Optical Properties
The optical properties of metal nanoplates are dictated by sev-
eral architectural parameters including nanoplate dimension 
and more specifically aspect ratio. Several groups reported 
 experimental results regarding the effect of edge length on 
the plasmonic properties of metal (Au or Ag) nanoplates. For 
example, spectra of Ag nanoplates with varying different edge 
lengths, displayed red-shifts of the in-plane dipolar resonance 
with an increase in edge length.[50] Similarly, Millstone et  al. 
tuned the edge length of AuNPLs between 100 and 300  nm 
while thickness or crystallinity were kept constant. They 
observed a linear correlation between the peak positions of the 
in-plane quadrupolar plasmon resonance and edge length.[51] 
Since tailoring thickness has been difficult to realize, the edge 
length has been recognized as the responsible factor for these 
reported spectral shifts. It has also been theoretically pointed 
out that the aspect ratio actually plays the determining role.[1] 
The ability to adjust aspect ratio, demonstrated here, provides 
a possibility for developing an in-depth understanding of 
the structure–property relationship for such nanostructures. 
It can be seen in Figure  5a, the spectra of AuNPLs with AR 
varying from 16.1 to 25.9 show two SPR peaks, 693–800 and 
1035–1205 nm, which can be assigned to in-plane dipolar and 
quadrupolar LSPR, respectively. The high crystallinity of our 
AuNPLs contributes to the well-defined resonances, which 
allows us to perform  spatially resolved scanning TEM-elec-
tron energy loss (STEM-EEL) spectrum imaging on an indi-
vidual nanoplate (Figure  5c,d). The results (from the sample 
with an AR of 24.4) reveal that the maximum electric-field 
enhancement occurs at nanoplate corners for the dipolar mode 
(1.61  eV, i.e., 770  nm), while it lies along nanoplate edges for 
the quadrupolar mode (1.13  eV, i.e., 1097  nm). This spatial 
distribution is consistent with the reported results of discrete 
dipole approximation (DDA) simulation on Ag nanoplates.[52] 
Both of these two peaks display a red-shift as the aspect ratio is 
increased. Notably, AuNPLs with aspect ratios of 16.0 and 23.5 
have nearly identical average lengths (150 and 148 nm, respec-
tively) and different thicknesses (9.4 and 6.3 nm; see Table 2 for 
structure parameters), while the LSPR peaks are significantly 
red-shifted for the nanoplates of higher AR, that is, AuNPLs 
with similar average lengths show red-shifts, when they have 
smaller thickness (6.3  nm compared with 9.4  nm). This sug-
gests that the aspect ratio is indeed the dominant factor deter-
mining the wavelength of the LSPRs. Figure  5b shows the 
plot of peak wavelength of both the dipolar and quadrupolar 
LSPRs as a function of aspect ratio, suggesting the peak posi-
tion for both modes exhibited more pronounced red-shifts at 
higher aspect ratios (in the range of 23.5–26.2). For AuNPLs 
with micro-scale edge lengths, the UV–vis spectrum showed a 
broad extinction in the region of 500–1300 nm, with the extinc-
tion enhanced at longer wavelength (Figure  5e). The absence 
of a distinct peak is attributed to delocalized plasmon modes, 
that is, surface plasmon polaritons, at the micro-meter scale. 
Single crystallinity and atomic flatness, coupled with a thick-
ness (≈20 nm) smaller than the skin depth of gold collectively 
cause damping of the near-field enhancement and facilitate 
light propagation along the edges.[53] As a result, AuNPLs in 
a dark-field light microscopy image show darkness on their 
flat surfaces and significant scattering from edges of the plates 
(Figure 5f).
2.7. Photothermal Cell Ablation
The well-defined and tunable optical properties provide exciting 
opportunities for developing our AuNPLs toward plasmonic-
based applications. For instance, the two SPR peaks of our 
AuNPLs are located in 650–950  nm (NIR I window) and 
1000–1400  nm (NIR II window), respectively.[54] This moti-
vated us to explore their cancer therapeutic potential as photo-
thermal agents (PTAs). Photothermal cancer therapy utilizes 
the efficient conversion of light into heat to preferentially kill 
cancer cells through localized temperature increases.[55] Ideal 
therapeutic PTAs should possess low toxicity and high optical 
absorption in the NIR biological transparency windows (NIR I: 
650–900 nm and NIR II: 1000–1400 nm).[54] Compared with the 
widely studied NIR I window, the NIR II window offers several 
advantages, such as low autofluorescence, increased penetra-
tion depth, and larger value of maximum permissible exposure 
of skin.[56–58] So far, reports of PTAs with a plasmonic peak in 
NIR II window have been scant. Thus, distinct SPR peaks 
in both the NIR I and NIR II windows, alongside a preparation 
method free of CTA surfactant mean that our AuNPLs may be 
effective and safe PTAs.
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Table 2. Summary of structure parameters of AuNPLs.
Sample Average edge length [nm] Thickness [nm] Aspect ratio
AuNPL I 150 9.4 16.0
AuNPL II 148 6.3 23.5
AuNPL III 193 7.9 24.4
AuNPL IV 272 10.4 26.2
Thickness presented in Table 2 represents the average thickness measured by AFM 
excluding the capping organic layer (assumed to be 1.2 nm according to Figure 1). 
AuNPL I: synthesized with NaBr (1.89  mm); AuNPL II: synthesized with FeBr3 
(0.63 mm); AuNPL III: synthesized with FeBr3 (0.95 mm); AuNPL IV: synthesized 
with FeBr3 (1.42 mm).
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We have investigated the cellular uptake of AuNPLs by 
human colorectal cancer cells (SW480 cells), using light 
 microscopy and TEM imaging. In the bright-field (BF) light 
microscopy images (Figure  6a,b), cells treated with AuNPLs 
exhibit their normal morphology, which indicates good 
 biocompatibility of AuNPLs. Figure  6c,d show the dark-field 
(DF) microscopy images of SW480 cells without treatment and 
after incubation with AuNPLs at 37 °C for 4 h, respectively. 
The cells were fixed with paraformaldehyde/DPBS and rinsed 
with DPBS for several times to remove excess AuNPLs prior to 
Adv. Funct. Mater. 2020, 2003512
Figure 5. Adjustable optical properties of AuNPLs: a) UV–vis spectra of AuNPLs of varying average edge lengths (AELs) and aspect ratios (ARs). Table 2 
shows a summary of structure parameters of these AuNPL samples. b) Plot of LSPR (in-plane dipole and quadrupole mode) positions as a function of 
AR of AuNPLs. STEM/EELS spectrum images collected from an individual nanoplate of AR 24.4:): c) dipolar mode (from 1.1 to 1.2 eV); d) quadrupolar 
mode (from 1.6 to 1.7 eV); an STEM dark-field image is shown in the inset in (d) with a scale bar of 50 nm). e) UV–vis spectra of AuNPLs with AELs 
of 1.12 and 2.18 µm. f) Dark-field light microscopy image of AuNPLs with an AEL of 2.18 µm.
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imaging. The untreated SW480 cells showed no scattering sig-
nals. In contrast, treated cells displayed orange-pink scattering 
signals arising from the strong optical scattering of AuNPLs 
in the NIR region. Furthermore, these scattering signals were 
observed to be located in the cytoplasm with a lack of signal 
in the nuclear regions, rather than being randomly co-located 
with cells, suggesting the cellular internalization of the AuNPLs 
instead of simple attachment to the cell surface. In order to 
reveal the subcellular distribution of the AuNPLs, SW480 cells 
treated with AuNPLs were subjected to fixation, resin embed-
ding, microtome sectioning, and TEM imaging. As can be seen 
in Figure 6e,f, AuNPLs were internalized by the cells and dis-
tributed mainly in endosomes, suggesting internalization via an 
endocytic pathway. Next we assessed the cytotoxicity of AuNPLs 
Adv. Funct. Mater. 2020, 2003512
Figure 6. Bright-field microscopy image of a) untreated SW480 cells and b) SW480 cells incubated with AuNPLs (50 µg mL−1); DF microscopy 
image of c) untreated SW480 cells and d) SW480 cells incubated with AuNPLs (50 µg mL−1). e) Low-magnification TEM image of a section of a 
fixed SW480 cell after incubation with AuNPLs, f) high-magnification TEM image showing an enlarged view corresponding to the box in (e). g) In vitro 
SW480 cell viability after treatments with different dosages of AuNPLs. Results are shown as mean ± SD as determined using CCK-8 assays. In vitro 
viability of SW480 cells post incubation with varying dosages of AuNPLs and irradiation with the 7 ns pulse laser, at a wavelength of () 750 nm, at a 
radiant exposure of 26 mJ cm−2 per pulse for 60 s and i) 1064 nm, at a radiant exposure of 5 mJ cm−2 per pulse for 60 s. Cells that were cultured in the 
absence of AuNPLs without laser exposure were used as a control group. Results are shown as mean ± SD.
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using SW480 cells with CCK-8 (Cell Count Kit 8) assay. After 
48 h incubation with AuNPLs at varying doses, SW480 cells 
showed a viability above 90% at each examined concentration 
(Figure  6g). These results suggest our AuNPLs have very low 
cytotoxic effects on SW480 cells. We then evaluated the appli-
cability of AuNPLs for photothermal cell ablation with a NIR 
laser at 750 and 1064  nm (Figure  6h,i), using laser exposures 
substantially below the safe exposure limits for clinical stand-
ards.[59] In the absence of AuNPLs, the viability of SW480 cells 
is ≈100% post irradiation at 750 or 1064 nm, demonstrating that 
the laser exposure does not cause cell ablation, without the use 
of AuNPLs. With the introduction of AuNPLs, the phototoxicity 
is observed to increase with the increase in AuNPL concentra-
tion. The cell viability decreased to 48.9% after laser exposure 
at 750  nm, and to 40.1% after the laser exposure at 1064  nm 
for cells incubated with AuNPLs at 50  µg mL−1. These results 
substantiate that, in combination with laser illumination, our 
AuNPLs are able to induce photothermal cell ablation in both 
the NIR I and NIR II biological windows, outperforming most 
Au-based nanoagents reported, particularly with NIR II irra-
diation (see Tables S2 and S3, Supporting Information for the 
comparison).
3. Conclusion
We present a novel and robust approach to the one-step, high-
yield synthesis of biocompatible AuNPLs with tunable thick-
ness, lateral size, and plasmonic properties. Our AuNPLs 
showed ordered self-assembly over mesoscale, owing to high 
shape uniformity. In addition to extending the controllability 
of anisotropic nanostructures, access to this tailorable class of 
well-defined nanostructures will encourage diverse plasmonic 
investigations. These AuNPLs could function as building 
blocks in the superstructural assembly of optical metamaterials. 
Their quasi-2D shape facilitates the formation of assemblies 
exhibiting unique packing symmetries, and the synthesis route 
avoiding CTA-halide surfactants delivers good biocompatibility 
as well as easy bio-functionalization. These attributes are ben-
eficial for studies on the fundamental plasmonic coupling, the 
engineering of plasmonic devices, and plasmon-based (bio-) 
sensing, imaging and therapeutic functions. The approach 
developed here, based on the cooperative utilization of two 
structure-directing agents that have preferential adsorption 
onto different crystalline facets of Au, can be expanded to other 
compositions as a universal method for fabricating anisotropic 
nanostructures. Thus, our work provides synthetic methodolo-
gies for designing and constructing more sophisticated nano-
architectures with physicochemical characteristics optimized 
for specific applications.
4. Experiment Section
Chemicals and Materials: Gold (III) chloride trihydrate and iron(III) 
nitrate nonahydrate (254  223) were purchased from Sigma-Aldrich 
(520  918). Trisodium citrate, anhydrous (45  556), iron(III) bromide, 
anhydrous (11  387 408), sodium bromide (A10552), and methyl orange 
(17  874) were purchased from Alfa Aesar. 37% Hydrochloric acid 
(UN1789) and 70% nitric acid (UN2031) were purchased from Fisher 
Scientific. All chemicals were used without further purification. Milli-Q 
water (18.2 MΩ cm at 25 °C) was used in all the experiments.
Characterization: UV–vis spectra were recorded with a Perkin Elmer 
UV/VIS/NIR Lambda 19 spectrophotometer. XRD pattern was obtained 
using a Bruker D8 X-ray diffractometer with Cu Kα source and an 
X’cellerator detector. A continuous scan over a 2θ range from 30° to 
100° was performed with an acquisition time of 1 h per sample at a 
step size of 0.05°. The sample for XRD measurement was prepared by 
depositing and drying AuNPL dispersion directly on low-background Si 
sample holders. AFM height measurements of AuNPLs were carried out 
on a Dimension FastScan Bio AFM (Bruker, Billerica MA), using tapping 
mode at room temperature in air with FastScan-A cantilever probes 
(Bruker, Camarillo CA). Analyses of sample heights were performed 
using Bruker Nanoscope Analysis v1.9. SEM images were obtained using 
a Hitachi SU8230 at a voltage of 2  kV. Dark-field microscopy imaging 
of AuNPL sample was conducted using a Nikon Ti-S microscope 
with a TI-DF dry dark-field condenser, a CFI Plan Fluor 100 × oil-
coupled objective, as well as an Olympus UC90 camera. Bright-field 
TEM images, SAED patterns, and STEM/EELS spectrum images were 
collected using a range of microscopes at the University of Leeds: a 
Tecnai G2 Spirit TWIN/BioTWIN at an acceleration voltage of 120  kV; 
a Tecnai F20 TEM/STEM operated at an accelerating voltage of 200 kV 
and equipped with a field emission gun using an extraction voltage 
of 4.5  kV; an Oxford Instruments 80 mm2 SD detector running Aztec 
software, and a Gatan Orius CCD camera running Digital Micrograph 
software; and a FEI Titan3 Themis G2 S/TEM operated at 300  kV 
equipped with a monochromator (giving an EELS energy resolution 
of 0.25–0.3  eV measured at a dispersion of 0.01  eV per channel), FEI 
SuperX EDX detectors, a Gatan Quantum ER 965 imaging filter, and a 
Gatan OneView CCD camera running GMS 3.1. For preparing the TEM 
samples, 2 µL nanoparticle dispersion (in Milli-Q) was dropped onto a 
carbon-coated copper grid (Agar Scientific Ltd) and air dried at room 
temperature. For STEM/EELS analysis, dispersions of nanostructures 
were directly drop cast onto non-porous, pure silicon, 5 nm thick TEM 
support films consisting of nine small windows (purchased from EM 
Resolutions) and left to dry naturally. Individual AuNPLs were selected 
for the acquisition of EEL spectra with sufficient space between particles 
so as to avoid plasmonic coupling effects. All EELS data processing 
was undertaken using Gatan Digital Micrograph software. The EELS 
data in Figure  5c,d are presented in 3D SI maps where the x–y pixel 
represents the probe position and the z-pixel value the intensity of the 
EELS spectrum integrated over a particular energy range (using an 
energy window of width 0.1 eV). Spectra were acquired with an exposure 
time of 0.002 s per pixel over a selected area to provide a sufficient 
signal to noise ratio, whilst minimizing the effects of sample drift, 
hydrocarbon contamination, and sample damage. The tail of zero-loss 
peak (ZLP), which forms the background in this low energy loss region 
was carefully removed using a power law subtraction method. In order 
to compare the different SI maps and visualize the plasmonic mode of 
Au nanostructures, the SI maps were normalized to the total electron 
counts over all selected pixels.
Synthesis of AuNPLs with an Average Length of 148, 193, or 272  nm: 
FeBr3 aqueous solution (freshly prepared, 1  mL, certain concentration, 
see Table S1, Supporting Information), HAuCl4 aqueous solution (1 mL, 
5 mm), and freshly prepared SC aqueous solution (0.5 mL, 100 mm) were 
sequentially added into MO aqueous solution (3 mL, 0.28 mm) at 20 °C. 
The resultant reaction solution was kept undisturbed at this temperature 
for 12 h. The reaction products were collected by centrifugation 
(3000 × g for 10 min) and washed several times with Milli-Q water until the 
supernatant was colorless. The pellet was then redispersed in Milli-Q water.
Synthesis of AuNPLs with an Average Edge Length of 1.12 or 2.18 µm: 
FeBr3 aqueous solution (freshly prepared, 1 mL, at specific concentration, 
see Table S1, Supporting Information), HAuCl4 aqueous solution (1 mL, 
5  mm), and freshly prepared SC aqueous solution (0.5  mL, 100  mm) 
were sequentially added into MO aqueous solution (3  mL, 0.28  mm) 
at 20 °C. The resultant reaction mixture was kept undisturbed at this 
temperature for 12 h. The reaction products formed a precipitation at the 
bottom of the vial. After the removal of the supernatant, the products 
Adv. Funct. Mater. 2020, 2003512
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were redispersed in Milli-Q water, washed by centrifugation (1000 × g for 
8 min) for several times and then redispersed in Milli-Q water.
Synthesis of AuNPLs with NaBr: NaBr aqueous solution (1  mL, 
1.89 mm), HAuCl4 aqueous solution (1 mL, 5 mm), and freshly prepared 
SC aqueous solution (0.5 mL, 100 mm) were sequentially added into the 
MO aqueous solution (3 mL, 0.28 mm) at 20 °C. The resultant reaction 
solution was kept undisturbed at this temperature for 12 h. The products 
were collected by centrifugation (3000 × g for 10  min) and washed 
several times with Milli-Q water until the supernatant is colorless. The 
pellet was then redispersed in Milli-Q water.
Evaporative Self-Assembly of AuNPLs: 10 µL of a dispersion of AuNPL 
(5, 50, or 500  µg mL−1) was drop-cast onto a SEM scrub (Aluminum, 
Agar Scientific) for evaporation.
Syntheses with Interplay of Different Chemical Species: Methods are 
shown in Supporting Information.
In Vitro Cell Study: Methods are shown in Supporting Information.
Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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